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E-mail address: xingda@scnu.edu.cn (D. Xing).Bcl-2-interacting mediator of cell death (Bim) has been considered to initiate intrinsic apoptotic
pathway through Bax activation. Previous studies indicated that BimL was involved in UV-induced
apoptosis, but it remains unclear whether Bim activates Bax by directly engaging it or by releasing it
from pro-survival relatives such as Bcl-xL. In this study, we attempt to determine the interactions
between BimL and Bax/Bcl-xL during Ultraviolet (UV)-induced apoptosis. BimL activation appeared
to be an important event in our experiments, as demonstrated by the signiﬁcant inhibition of cell
death, caspase-3 activity, and Bax translocation in cells with knockdown of endogenous BimL by
RNAi approach. Both ﬂuorescence resonance energy transfer (FRET) and Co-immunoprecipitation
(CO-IP) assays indicated that Bcl-xL directly bound to Bax to inhibit its activation, while BimL
directly neutralized Bcl-xL, followed by Bax release and activation upon UV irradiation. Not detected
in our experiment was the interaction between BimL and Bax either using FRET approach in living
cells or endogenous CO-IP assay. Thus, our ﬁndings provide strong evidence in living cells for the
ﬁrst time that BimL initiates apoptosis by abrogating Bcl-xL and promoting Bax activation under
UV irradiation.
Structured summary:
MINT-7034091: BIML (uniprotkb:O43521) physically interacts (MI:0218) with Bcl2-Xl (uniprotkb:Q92934)
by anti bait coimmunoprecipitation (MI:0006)
MINT-7034079: Bcl2-Xl (uniprotkb:Q92934) physically interacts (MI:0218) with BAX (uniprotkb:Q07812)
and BIML (uniprotkb:O43521) by anti bait coimmunoprecipitation (MI:0006)
MINT-7034069: BAX (uniprotkb:Q07812) physically interacts (MI:0218) with BIML (uniprotkb:O43521) by
anti bait coimmunoprecipitation (MI:0006)
MINT-7034114: BIML (uniprotkb:O43521) and BAX (uniprotkb:Q07812) physically interact (MI:0218) by
ﬂuorescent resonance energy transfer (MI:0055)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction different mechanisms. The transcriptional regulation of Bim byBcl-2-interacting mediator of cell death (Bim), a pro-apoptotic
BH3-only member of Bcl-2 family is required for initiation of apop-
tosis induced by cytokine deprivation, ER stress or T-cell receptor-
CD3 stimulation [1–3]. Several isoforms of Bim such as, BimL,
BimEL, BimS and BimAD have been characterized [4–6]. BimL
and BimEL are expressed in a variety of tissues and cell types, often
associated with the microtubule–dynein complexes [7]. In re-
sponse to diverse cytotoxic signals, Bim is activated by severalchemical Societies. Published by E
croscopy; FRET, ﬂuorescence
iator of cell death; JNK, c-Jun
noprecipitation; RNAi, RNAfork-head boxO3a, CHOP-C/EBPa or c-Jun has been reported in
different cell lines. It is established that Bim is phosphorylated
by extra-cellular-regulated kinase, c-Jun N-terminal kinase (JNK),
and Akt, and its phosphorylation affects the expression level or
the pro-apoptotic function of Bim [8–11]. However, whether cells
die in response to different stresses actually is largely determined
by the interactions among three classes of the Bcl-2 family [12,13].
It is therefore possible that besides the diverse levels of regulation,
the pro-apoptotic activity of Bim ultimately is inﬂuenced by the
interaction between Bim and other Bcl-2 family proteins.
There are two distinct models for the transduction of the dam-
age signals from BH3-only proteins to Bax/Bak: the direct activa-
tion model and the indirect model [13]. The direct activation
model holds that certain BH3-only proteins termed activators, such
as tBid, can be bound to Bax and Bak directly and promote theirlsevier B.V. All rights reserved.
Fig. 1. Knockdown of BimL inhibits cell death, caspase-3 activity and delays mitochondria translocation of Bax during UV-induced apoptosis. (A) Cells were transfected with
the same amounts of shBim-1, shBim-2, shBim-3, shBim-4 and cultured for 48 h. The levels of endogenous BimL were assessed by immunoblotting at 10 h after UV
irradiation. shNC was a negative control for shRNA. b-Actin served as a loading control. (B) Down-regulation of BimL increases cell survival in UV-induced apoptosis. The
viability of cells after different treatments as indicated was assessed by the CCK-8 assays at different time points. *P < 0.005 and compared with the UV irradiation group. (C)
The lysates from cells treated with UV irradiation with or without knockdown of BimL at 6 h were subjected to Western blotting with caspase-3 anti-body. (D) Control COS-7
cells were co-transfected with YFP-Bax and DsRed-Mit and the images were acquired at 0 and 600 min (bar, 10 lm). (E) Mitochondria translocation of Bax was delayed by
adding shBim-1. COS-7 cells were co-transfected with YFP-Bax, DsRed-Mit with or without shBim-1 and cultured for 48 h, then treated with UV irradiation. Bar, 10 lm. (F)
Fluorescence intensity in indicated area of cells corresponding to the data in (D) and (E). (G) Quantiﬁcation of mitochondrial YFP-Bax in cells. Data represented mean ± S.E.M.
from the averages of 20 ﬁelds from 100 cells of each treatment.
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pro-survival proteins function mainly by inhibiting Bax/Bak activa-
tion and only certain BH3-only proteins target the pro-survival
proteins [13,16]. It is therefore possible that BH3-only proteins
function through multi-domain Bcl-2 family members to induce
apoptosis, by either antagonizing anti-apoptotic proteins or by di-
rectly activating pro-apoptotic proteins, depending on the stimuli
and cellular conditions. However, the evidence for distinguishing
these models remains limited.
Fluorescence resonance energy transfer (FRET) is a non-radia-
tive transfer of energy between two ﬂuorophores that are placed
in close vicinity [17,18]. It is a powerful technique that can provide
an insight into the spatial and temporal cell events in a single living
cell level. It has been utilized to reveal the dynamic activity of en-
zymes, protein location, protein translocation, small ligand bind-
ing, protein–protein interaction, conformational change and post-
translational modiﬁcation in real-time [19,20].
Previous reports suggested that apoptosis was initiated when li-
gands, such as BimL, engaged multiple Bcl-2 homologs, not Bax or
Bak [16], although both are crucial apoptotic executioners. The evi-
dence that BimL can interact directly with Bax is scarce [20–22].
Using Ultraviolet (UV) irradiation as the apoptotic stimuli, here
we particularly focus on the following areas: (i) the role of BimL
in Bax activation, (ii) the effect of interaction between BimL andBcl-xL on Bax activation, and (iii) the relationships among BimL,
Bcl-xL and Bax during UV irradiation.2. Materials and methods
2.1. Plasmids and antibodies
The plasmid of GFP-BimL was generated as previously described
[20]. DsRed-Mit was presented by Gotoh [23]. CFP-Bax, YFP-Bax
and YFP-Bcl-xL were presented by Streuli and Gilmore [24]. The
oligonucleotides for short hairpin RNA (shRNA) were purchased
from GenePharma (Shanghai, China). Anti-Bim, anti-caspase-3,
anti-Bax and anti-Bcl-xL were purchased from Cell Signaling.
Anti-b-actin was purchased from Santa Cruz. IRDye RDye
800CW anti-rabbit IgG and Alexa Fluor 680goat anti-Mouse IgG
were purchased from Molecular Probes.
2.2. Cell culture and treatment
Cells were cultured in DMEM (GIBCO) supplemented with 10%
fetal calf serum, 100 U/ml penicillin and 100 lg/ml streptomycin
at 37 C with 5% CO2. Transfection was performed with Lipofect-
amineTM reagent (Invitrogen, Carlsbad, CA) according to the manu-
Fig. 1 (continued)
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ture medium after 5 h. For 120 mJ/cm2 UV irradiation, medium
was removed, and cells were rinsed with phosphate buffered saline
and irradiated, and then medium was restored. After irradiation,
cells were observed using laser confocal scanning microscopy
(LCSM) or allowed to recover at 37 C for indicated periods of time
before extraction.2.3. LCSM and FRET image acquisition
YFP-Bax ﬂuorescence from the cells was obtained using a
514 nm excitation light from an argon laser and a 565–615 nm
band-pass ﬁlter. Cells showing Bax translocation were usually
scored under an inverted ﬂuorescence microscope using a 20
objective.
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COS-7 cells were monitored by transfected with ﬂuorescent plas-
mids and observed using LCSM [20]. To measure the FRET effect,
cells were excited by the 458 nm line of an Ar-Ion Laser, and the
emission ﬂuorescence was split by a dichroic mirror (beam splitter
NFT545) into two separate channels: the 480–520 nm band-pass
(GFP or CFP channel) and the 565–615 nm band-pass (FRET chan-
nel). YFP was excited at 514 nm, and YFP emission was detected
with 565–615 nm band-pass (YFP channel). To quantify the results,
the images of GFP, CFP and YFP emission intensities were pro-
cessed with Zeiss Rel3.2 image processing software (Zeiss,
Germany).
2.4. Co-immunoprecipitation (CO-IP) and Western blotting assays
Cells were extracted in lysis buffer (50 mM Tris–HCl [pH 8.0],
150 mM NaCl, 1% TritonX-100, 100 lg/ml PMSF) supplemented
with protease inhibitor cocktail set I for 60 min on ice. After centri-Fig. 2. Bax bind to Bcl-xL directly but does not bind to Bim during UV irradiation. (A)
irradiation. Dynamic of YFP/GFP ratio corresponding to the data in upper section of ﬁg
immunoprecipitation of cell extracts with an antibody to Bax and co-immunoprecipitat
antibody was carried out to conﬁrm the amounts of Bax bound to BimL. b-Actin was dete
COS-7 cells were co-transfected with CFP-Bax and YFP-Bcl-xL and subjected to UV irradia
in the area indicated in the photoﬂuorogram. The acceptor (YFP) was selectively bleached
was a marked decrease in the acceptor ﬂuorescence (YFP), which coincided with an incre
from CFP after bleaching.fugation, the supernatant was incubated with the indicated anti-
body and subsequently with protein A-Sepharose (50% slurry) at
4 C overnight and then were washed three times. Pellet was resus-
pended with the same volume of SDS sample buffer, and boiled to
remove Sepharose beads. Then the cells lysates and immunopre-
cipitates were analyzed by Western blotting [19].
2.5. RNA interference (RNAi)
BimL suppression was accomplished using Bim shRNA
constructs. The oligonucleotides for shRNA were synthesized as
follows: shBim-1: 50-GCAACCTTCTGATGTAAGTTCTTCAAGAGA-
GAACTTACATCAGAAGGTTGCTT-30. shBim-2: 50-GGCCTTCAACCAC-
TATCTCAGTTCAAGAGACTGAGATAGTGGTTGAAGGCCTT-30. shBim-3:
50-GCTACCTCCCTACAGACAGATTCAAGAGATCTGTCTGTAGGGAGG-
TAGCC-30. shBim-4: 50-GCAGCACCCATGAGTTGTGATTCAAGAGAT-
CACAACTCATGGGTGCTGTT-30. shNC: 50-GTTCTCCGAACGTGTC-
ACGTCAAGAGATTACGTGACACGTTCGGAGAATT-30. The shRNACOS-7 cells were co-transfected with GFP-BimL and YFP-Bax and subjected to UV
ure was shown. Bar, 5 lm. (B) The interaction of BimL with Bax was examined by
ion of BimL and Bax by immunoblot analysis. Western blot analysis using anti-Bax
cted as a control. Same results also obtained in ASTC-a-1 cells (data not shown). (C)
tion. (D) Dynamic ﬂuorescence intensities of CFP and YFP before and after bleaching
by repeated scanning of the cell area with 514 nm laser line. Upon bleaching there
ase in the donor ﬂuorescence (CFP) because of the inability of YFP to accept energy
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agent according to the manufacturer’s protocol.
2.6. Cell viability and statistical analysis
Cells were cultured in a 96-well microplate at a density of
4  103 cells/well for 24 h. Cell cytotoxicity assay was assessed
by Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto,
Japan) at the indicated time points after different treatments. All
data represent at least three independent experiments and are ex-
pressed as the mean ± S.E.M. Differences between groups were
compared using Student’s T tests by SPSS software, and signiﬁcance
was accepted at P < 0.005.3. Results
3.1. BimL plays an important role in UV-induced apoptosis
RNAi was used to examine the role of endogenous BimL in
UV-induced apoptosis. We designed shBim-1, shBim-2, shBim-3
and shBim-4 to silence the expression of BimL. Western blotting
assay showed that shBim-1 and shBim-4 resulted in higher level
of reduction in endogenous BimL protein compared to negative
control shNC (Fig. 1A). Therefore, we selected shBim-1 or
shBim-4 to perform further study. As shown in Fig. 1B, silencing
BimL by transfection of shBim-1 or shBim-4 in cells obviously
increased cells survival at 6 and 8 h in UV-induced apoptosis.
Moreover, results shown in Fig. 1C clearly demonstrated
that caspase-3 is not activated without BimL 6 h after UV
irradiation.Fig. 3. BimL affectively targets Bcl-xL to unleash and activate Bax during UV-induced
treatment with or without UV irradiation. The distributions of BimL and Bcl-xL were ima
5 lm) groups were indicated respectively in the ﬁgures. (B) Dynamic of YFP/GFP ratio c
examined by immunoprecipitation of cell extracts with an antibody to BcL-xL and CO-IP o
irradiation at different time points were precipitated with the anti-Bcl-xL antibody. Wes
the amounts of BimL and Bax bound to Bcl-xL, respectively. b-Actin was detected as a c3.2. BimL acts as an important upstream factor for Bax activation
during UV-induced apoptosis
We detected Bax activation during UV irradiation after sup-
pressing the expression level of endogenous BimL. As shown in
the dynamic ﬂuorescence images (Fig. 1D and E), the mitochondria
translocation of Bax occurred about 250 min after UV irradiation
and in the samples after suppressing the expression level of BimL
by shBim-1, Bax translocation occurred about 380 min after UV
irradiation. These results suggested that Bax translocation was de-
layed and attenuated by suppressing endogenous BimL. Quantita-
tive analysis of time-dependent redistribution of Bax (Fig. 1F)
and the statistical analysis further conﬁrmed these ﬁndings
(Fig. 1G).
3.3. BimL does not interacts with Bax during UV-induced apoptosis
The dynamic interaction between BimL and Bax was monitored
by using FRET technique after co-transfecting GFP-BimL and YFP-
Bax into cells. As shown in Fig. 2A, the time-course of YFP/GFP ratio
indicated that FRET between Bax and BimL remained unchanged
during the entire observation period, suggesting that there was
no direct interaction between BimL and Bax. Furthermore, results
shown in Fig. 2B clearly demonstrated that Bax did not co-immu-
noprecipitate with BimL after UV irradiation.
3.4. Bcl-xL binds to Bax directly and inhibits its activation after UV
irradiation
As shown in Fig. 2C, Bax did not form oligomers during UV
irradiation in the cells that over-expressed YFP-Bcl-xL. However,apoptosis. (A) COS-7 cells were co-transfected with GFP-BimL and YFP-Bcl-xL and
ged simultaneously in a single cell. The control (bar, 10 lm) and UV irradiation (bar,
orresponding to the data in (A). (C) The interaction between BimL and BcL-xL was
f Bim and BcL-xL by immunoblot analysis. (D) The lysates from cells treated with UV
tern blot analysis using anti-Bim and anti-Bax antibody were carried out to conﬁrm
ontrol. Same results were also obtained in ASTC-a-1 cells (data not shown).
Fig. 4. Model for BimL engage Bcl-xL to promote Bax activation during UV-induced
apoptosis.
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to mitochondria and eventually formed clusters associated with
mitochondria during UV irradiation (data not shown). These
results suggest that over-expressed Bcl-xL could inhibit Bax
activation during UV irradiation, further conﬁrming our previous
observations [25]. To study the physical association between Bcl-
xL and Bax, acceptor photo-bleaching technique was performed
[19]. As shown in Fig. 2D, after photo-bleaching of YFP-Bcl-xL
with 514 nm laser, YFP ﬂuorescence decreased but the
ﬂuorescence intensity of CFP increased, which implied that
there was FRET efﬁciency between YFP-Bcl-xL and CFP-Bax after
UV irradiation. In addition, as shown in Fig. 3D, CO-IP assay
conﬁrmed the interaction between Bax and Bcl-xL in the indi-
cated time points after UV irradiation. These observations indi-
cate that Bcl-xL inhibits cell apoptosis by binding to Bax
directly and preventing Bax activation during UV-induced
apoptosis.
3.5. BimL dissociates Bax from Bcl-xL during UV-induced apoptosis
We hypothesized that BimL initiates apoptosis by engaging Bcl-
xL to unleash and promote Bax activation. We tested this hypoth-
esis using several approaches. First, FRET technique was applied
speciﬁcally to examine the dynamic interaction between BimL
and Bcl-xL in living cells. We transfected both GFP-BimL and
YFP-Bcl-xL into cells and then treated with UV irradiation. As
shown in Fig. 3A and B, the time-course YFP/GFP ratio images
showed that FRET between BimL and Bcl-xL after UV irradiation in-
creased through the entire observation period. As shown in Fig. 3C,
endogenous Bcl-xL co-immunoprecipitated with BimL at the indi-
cated time points after UV irradiation. Thus, it is conceivable that
BimL effectively targets Bcl-xL during UV-induced apoptosis. We
also used CO-IP to investigate the relationships among endogenous
BimL, Bcl-xL and Bax during UV-induced apoptosis. As shown in
Fig. 3D, the amount of Bax bound to Bcl-xL decreases as BimL
markedly increased the binding to Bcl-xL. It appears that BimL
effectively binds Bcl-xL to compete and dissociate Bax from the
complex. These ﬁndings demonstrate that BimL triggers apoptosis
by engaging Bcl-xL to unleash and activate Bax in response to UV
irradiation.
4. Discussion
Bim and another BH3-only protein Bmf were initially identiﬁed
as downstream targets of JNK and subsequently shown to play an
important role in apoptosis [7,9]. Taken together with previous
studies [21], our current ﬁndings suggest that Bim plays an essen-
tial role in apoptosis induced by a variety of stimuli in several tis-
sues and cell types, although the relationship between BimL and
other Bcl-2 family proteins is not well understood [26–28]. In this
study, both FRET and CO-IP assay conﬁrmed that BimL did not bind
detectably to Bax directly during UV-induced apoptosis (Fig. 2A
and B).
It has been established that anti-apoptotic Bcl-2 family proteins
suppress the pro-apoptotic function of Bax and Bak [22]. Our data
show that over-expressed Bcl-xL binds to Bax directly and inhibits
Bax translocation and oligomerization during UV-induced apopto-
sis. Similar to other BH3-only proteins, BimL functions through
multi-domain Bcl-2 family members, including Bcl-xL and Bax in
our experimental model. Based on these ﬁndings, we propose that
BimL neutralizes Bcl-xL to unleash and promote Bax activation but
without a direct interaction with Bax. This hypothesis is supported
by the endogenous CO-IP assays. Bax does not co-immunoprecipi-
tate with BimL (Fig. 2B) and, as shown in Fig. 3D, Bcl-xL associated
more with BimL and less with Bax after UV irradiation. This sug-gests that BimL competed with Bax for binding to Bcl-xL and disso-
ciated Bax from Bcl-xL in this process. Thus, we conclude that BimL
acts upstream of Bax, without a direct interaction with it and trig-
gers apoptosis actually by engaging Bcl-xL to abrogate its inhibi-
tion of Bax activation (Fig. 4).
The indirect studies using stapled peptides by Gavathiotis et al.
[29] provided strong evidence of connection between Bim and
Bax. However, our data in this study show a lack of direct inter-
action between BimL and Bax either through FRET or CO-IP anal-
ysis. We would like to point out that while our experimental
results could not be conclusive on the binding of Bim and Bax,
they provided strong evidence that the direct interaction between
Bim and Bax is not necessary for Bax activation in UV-induced
apoptosis.
Our FRET results are consistent with the reported failure of CO-
IP of Bim and Bax and with the success of CO-IP of Bim and Bcl-xL.
It is understood that while detection of FRET is sufﬁcient to prove
the close proximity of two interacting molecules, lack of FRET is
not necessary to disprove the close proximity of the two. Our FRET
results provide a new avenue in studying the interaction between
Bim and Bax. FRET analysis, together with other observations pre-
sented in this study, represents advances in the ﬁeld of research.
Speciﬁcally, our work indicates the following conclusions: (i) Bim
plays an important role in Bax activation and cell death, (ii) the
binding of Bim to Bax does not take place and/or is not required
for Bax activation, and (iii) BimL neutralizes Bcl-xL to release and
promote Bax activation.
In summary, LCSM combined with RNAi, FRET and CO-IP ap-
proaches enabled us to monitor the interactions among Bim, Bcl-
xL and Bax during UV-induced apoptosis in living cells. For the ﬁrst
time we revealed that Bax does not interact directly with BimL in
living cells, suggesting that BimL functions through Bax activation
by an indirect pathway [13,16] during UV irradiation. Furthermore,
our results clearly show that Bcl-xL directly inhibits Bax activation
and such inhibition was abrogated through the interaction be-
tween BimL and Bcl-xL upon UV irradiation.
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